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ReviewVisualizing the First 50 Hr
of the Primary Immune Response
to a Soluble Antigen
tion on conditions in the tissues (Gretz et al., 2000; Pal-
framan et al., 2001).
Lymphocytes that enter the lymph nodes reside in the
inner space bounded by the floor of the subcapsular
sinus (Gretz et al., 1997). This inner space is divided
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Center for Immunology into a T cell-rich paracortex in the center, in which the
conduit network is dense, and spherical B cell-rich folli-University of Minnesota Medical School
Minneapolis, Minnesota 55455 cles around the edges, in which the conduit network is
sparse. Since no membranous structure divides the T
and B cell areas, it is thought that they are formed by
local stromal cell production of cytokines and chemo-
Recently, static and dynamic imaging methods have kines, which confine the movements of T and B cells to
produced the first glimpses of the interactions be- their respective zones (Muller et al., 2003). The T cell area
tween antigen-specific T cells and peptide-MHC-bear- is also occupied by three subsets of antigen-presenting
ing antigen-presenting cells in the lymph nodes. Using dendritic cells (DC) that enter lymph nodes from the
data from these experiments, we produced a numeri- blood and three that enter via the lymph from tissue
cally, spatially, and temporally scaled simulation of the (Itano and Jenkins, 2003; Shortman and Liu, 2002). The
first 50 hr of the primary T cell-dependent immune tissue-derived DC that travel to the lymph node must
response. The simulation highlights how lymph node squeeze between the sinus-lining cells of the subcapsu-
structure facilitates antigen presentation to rare, na- lar sinus to enter the T cell area. Naive lymphocytes
ive, antigen-specific CD4 T cells. spend about 12 hr in an individual lymph node (Ford and
Gowans, 1969) before exiting though the subcapsular
sinus floor, into the medulla, then through an efferent
lymphatic vessel, into the thoracic duct, eventually reach-Introduction
ing the blood stream (von Andrian and Mackay, 2000).The purpose of this review article is to provide the reader
Naive lymphocytes then repeat this process in anotherwith a sense of what the first 50 hr of the primary immune
lymph node or secondary lymphoid organ.response in the lymph nodes really looks like. The tool
In the last 10 years, the development of adoptivefor achieving this purpose is a numerically, spatially,
transfer methods that allow detection of small numbersand temporally scaled simulation based on experimental
of naive CD4 T cells and B cells of defined antigendata. Because understanding the simulation requires
specificity enabled static and dynamic imaging of anti-knowledge of the anatomy of the lymph node, we will
gen-specific T cells, B cells, antigens, and processedbegin with a brief review of this topic.
peptide-MHC complexes in the lymph nodes (GermainThe vast majority of naive lymphocytes reside in the
and Jenkins, 2004). These studies provided importantblood and secondary lymphoid organs (lymph nodes,
anatomic information on the velocities of lymphocytesspleen, and mucosal lymphoid organs) (von Andrian and
and the spatial relationships between antigen-specificMackay, 2000). Naive T and B cells in the blood stream
T cells and antigen-presenting cells (APC) before anduse specific receptors (CD62L, CCR7, and LFA-1) to
during the primary immune response. However, therecognize ligands on the specialized high endothelial
static nature of images produced from thin, frozen sec-cells of venules in the lymph nodes and then pass be-
tions and the brief imaging times, low tissue penetration,tween these cells to enter the central part of the node
and high magnifications used to produce dynamic im-(Figure 1) (von Andrian and Mackay, 2000). This central
ages of intact lymph nodes have made it difficult to getspace, called the paracortex, contains thin tubes com-
a global sense of what the primary immune responseposed of extracellular matrix proteins encased by reticu-
really looks like over a time scale of days. Here, we usedlar fibroblasts (Gretz et al., 1997). These tubes, called
animation software and assumptions based on actualconduits, run from the floor of the subcapsular sinus,
imaging data to produce scaled Movies that simulate thethe thin space between the outer capsule and the inner
primary immune response induced by a soluble antigenlymph node, to a perivenular space surrounding the high
injected under the skin (Movies are available online atendothelial venules (HEV). Soluble molecules in tissues
http://www.immunity.com/cgi/content/full/21/3/341/diffuse into afferent lymphatic vessels, are carried down
DC1). We speculate that this simulation illustrates thethese vessels by a valve system into the subcapsular
type of immune response that would develop against asinus, and pass through the conduits into the perivenular
toxin produced during a subcutaneous bacterial in-space (Gretz et al., 2000). This system facilitates the
fection.movement of chemokines and other immune mediators
from tissues to the space in the lymph nodes through
which leukocytes must pass and thus provides informa- Movements of Naive Antigen-Specific CD4 T Cells,
B Cells, and DC
The Movies were designed to simulate events occurring*Correspondence: catro001@umn.edu
in a hypothetical spherical skin-draining lymph node 23Present address: Amgen, One Amgen Center Drive, Thousand Oaks,
CA 91320. mm in diameter. We estimate that a lymph node of this
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(LCMV) can be estimated from the report of Homann et
al. (2001). These investigators showed that CD4 T cells
specific for the GP61-I-Ab or NP309-I-Ab complexes ex-
panded to a peak of 4  106 cells after undergoing nine
cell divisions in the spleens of LCMV-infected C57BL/6
mice. By dividing 4 106 by 512 (29), it can be estimated
that the 4 106 GP61-I-Ab- or NP309-I-Ab-specific CD4
T cells were produced from 8000 naive precursors, al-
most certainly containing multiple clones. Assuming that
there are about 40  106 CD4 T cells in the secondary
lymphoid organs of a normal mouse and that immigrants
from other secondary lymphoid organs can contribute
to the response in the spleen, then the precursor fre-
quency of naive GP61-I-Ab- plus NP309-I-Ab-specific
CD4 T cells was 8000/40  106 or 1/5000.
The Movies begin with one naive CD4 T cell (shown
in green) specific for a peptide from a hypothetical anti-Figure 1. Anatomic Features of a Skin-Draining Lymph Node
gen, X, bound to an MHC II molecule. Since this lymphSee text for description.
node slice would be expected to contain 2400 total
CD4 T cells, the simulated naive CD4 T cell is present
at a frequency of 1/2400 total CD4 T cells, about twicesize would contain 4  106 total lymphocytes and 1.2 
the estimated 1/5000 frequency of LCMV-specific naive106 CD4 T cells. A 10m slice (about one cell diameter)
CD4 T cells. We arbitrarily set the frequency of antigenthrough one quarter of such a lymph node, comprising
X-specific naive B cells at twice that of the CD4 T cellsabout 1/500 of its total volume and 2400 CD4 T cells,
and thus included two of these B cells (shown in yellow)was created with Macromedia Flash MX software. A
in the Movies. Based on the frequency of DC in real lymphbackground was produced for the simulated lymph node
nodes, about 100 DC would be expected to occupy theslice by using images from actual stained tissue sections
lymph node slice shown in the Movies. However, only sixto show several follicles filled with densely packed B
DC (dark purple) are shown because it will be assumedcells (anti-B220 stain, blue), a subcapsular sinus border-
that only 6% of the total DC in a lymph node take up theing the node (anticollagen stain, light gray), and HEV
injected antigen.(anticollagen stain, light purple) and conduit fibers (anti-
Movie 1 (available online at http://www.immunity.com/collagen stain, light gray) in the T cell area. The numbers
cgi/content/full/21/3/341/DC1) depicts the movements ofof HEV and conduit fibers used for the background were
a naive X peptide-MHC II-specific CD4 T cell and twosignificantly reduced from their actual numbers to sim-
X specific B cells in the absence of antigen X for the 12plify the image. Images of actual T cells (anti-Thy 1 stain),
hr period that naive cells normally spend in lymph nodes.
B cells (anti-IgM stain), and DC (anti-CD11c stain) were
Experimental evidence indicates that naive T cells, B
then pasted onto this background. The DC images in-
cells, and DC move with velocities of about approxi-
clude dendrites, which make them appear much larger
mately 12 (Bousso and Robey, 2003; Miller et al., 2002),
than lymphocytes as has been observed in dynamic 6 (Miller et al., 2002), and 3 (Miller et al., 2004) m/
imaging experiments (Miller et al., 2004). As described minute, respectively; that all three cell types move with
below, the cells were assigned random motion paths apparently random paths within their respective loca-
scaled to their respective velocities, as determined in tions (Mempel et al., 2004; Miller et al., 2003, 2002); and
experiments, and restricted to the parts of the lymph that a small number of naive T cells are present in the
nodes where experiments have shown these cells to outer edges of the follicles nearest the T cell area at
reside. The random motion path for each cell was cre- any given time (Miller et al., 2002). These experimental
ated under conditions where the designer could not see findings were built into the Movies by designing random
the other cells in the Movie. Thus, all of the collisions motion paths for each of the cells scaled to their respec-
between cells that occur in the Movies were unscripted tive velocities and by confining the B cells to the follicles,
and arose naturally from the random paths of the cells. the DC to the T cell area, and the T cells to the T cell
Each frame of the Movies represents 3 min of real time area or outer edges of the follicles for 90% and 10% of
and proceeds at a rate of ten frames/second. Thus, their paths, respectively. The random paths of the T cell
events in the Movies unfold 1800 times faster than in re- and the DC in Movie 1 produce nine unscripted collisions
ality. during this 12 hr period, each scripted to last 3 min
The goals of the simulations were to illustrate the as observed in dynamic imaging studies of T cell-DC
behavior of naive CD4 T cells and B cells specific for interactions in the absence of antigen (Mempel et al.,
the epitopes from the same antigen and to use numbers 2004; Miller et al., 2004). This interaction time equates
that approximate physiologically relevant frequencies. to one frame in the Movie, which is so short that it is
Direct experimental evidence pertaining to the fre- nearly imperceptible under these time-lapse conditions.
quency of naive lymphocytes specific for a single anti- Ten other movies of this type were created, which pro-
gen is sparse because of the technical difficulty in de- duced a collision rate of 0.20  0.06 (mean  SD, n 
tecting these rare cells. However, the frequency of naive 10) T cell-DC contacts/hour. Based on this rate and the
CD4 T clones specific for two peptide-MHC II com- fact that about 4000 T cells would be present in this
simulated lymph node slice (2400 CD4 T cells andplexes derived from lymphocytic choriomeningitis virus
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1600 CD8 T cells), each DC would contact 800 T cells are relevant to T cells. Quantification of peptide-MHC II
complexes detected by the antibody (see Figure 1; Itanoin the slice per hour, a value at the low end of the range
et al., 2003) and comparison to CD69 induction by anti-estimated from experiments (Bousso and Robey, 2003;
gen-specific CD4 T cells at varying antigen doses indi-Miller et al., 2004). The agreement between the simu-
cate that the antibody is about 4-fold less effective thanlated and experimental values provides assurance that
the T cell assay. Thus, the estimate that 6% of the resi-the simulation is a reasonable representation of the in-
dent DC display a relevant amount of peptide-MHC IIteractions that occur in real lymph nodes. The ability of
complex after injection of 1 g of antigen is probablyeach DC to interact with so many T cells per hour would
not that far off from the real value.have the effect of increasing the probability that rare,
Experimental data indicate that the peptide-MHC IInaive T cells find rare DC displaying the relevant peptide-
complexes displayed by the resident DC cause the initialMHC complex. Notably, the X specific B cells and the
activation of naive CD4 T cells after subcutaneousX peptide-MHC II-specific CD4 T cells never collided
injection of soluble antigen (Itano et al., 2003; Manicka-in the absence of antigen in the 12 hr of Movie 1 and,
singham and Reis e Sousa, 2000). Several pieces ofin fact, never collided even when Movie 1 was extended
evidence suggest that this initial activation arises fromto 50 hr (not shown). Thus, the rarity and anatomic segre-
multiple random and transient interactions between thegation of naive CD4 T cells and B cells specific for
T cells and DC. First, naive CD4 T cells and DC collidesingle epitopes from the same antigen make it very un-
from apparently random paths (Miller et al., 2004). Sec-likely that these cells will ever interact in the absence
ond, naive CD4 T cells cultured in a collagen gel matrixof antigen.
become activated as evidenced by expression of CD69
after undergoing multiple brief (7 min) interactions withMovements of Naive, Antigen-Specific CD4 T Cells
peptide-MHC II DC (Gunzer et al., 2000). Third, theand DC during the Primary Response
majority of antigen-specific T cells induce CD69 expres-Movie 2 (available online at http://www.immunity.com/
sion at 5–8 hr after injection of ex vivo peptide-pulsedcgi/content/full/21/3/341/DC1) illustrates how the situa-
DC, when only a minority of the T cells are found intion changes after 1 g of antigen X is injected into the
stable interactions with the DC (Mempel et al., 2004).skin containing afferent lymphatic vessels that drain into
The fact that the naive T cells in this case were stillthe simulated lymph node. Experimental evidence indi-
initially incapable of long-lived interactions with thesecates that subcutaneously injected soluble antigen is
DC, which presumably displayed large numbers of pep-carried from the injection site through lymphatic vessels
tide-MHC II complexes, suggests that T cells only be-into the subcapsular sinus and conduit network within
come capable of the long-lived interactions with DC15–30 min of injection (Gretz et al., 2000; Itano et al.,
mentioned below after being first activated via tran-2003). Resident DC, probably those nearest the conduits
sient interactions.(Hayakawa et al., 1988; Itano and Jenkins, 2003), then
Based on these results the naı¨ve, X specific CD4acquire antigen either by sticking dendrites between
T cell and the X peptide-MHC II resident DC in Moviethe fibroblasts that coat the conduit tubes or simply by
2 were assigned random motion paths in the T cell area.
taking up small amounts of antigen that leak out of the
These paths resulted in unscripted collisions, which
conduits. These experimental observations were built
were scripted to result in T cell-peptide-MHC II DC
into the Movie, which shows antigen X (depicted in red)
interactions of only 3 min, as in the case of interactions
appearing in the subcapsular sinus 15 min after injection between naive T cells and DC lacking the relevant pep-
(0 hr is defined as the time antigen was injected into the tide-MHC II complexes. The T cell was scripted to turn
skin), and shortly thereafter in the connected conduits. orange during these brief interactions to indicate the
Experimental evidence obtained through the use of pep- rapid signal transduction that would be expected after
tide-MHC II-specific antibodies indicates that resident TCR engagement. Five unscripted interactions totaling
DC produce peptide-MHC II complexes from conduit- 15 min of contact occur in Movie 2 by 5 hr after antigen
derived antigen as early as 30 min after injection and injection, the time at which maximal CD69 induction by
peaking at 3 hr (Itano et al., 2003; Manickasingham and antigen-specific CD4 T cells has been observed (Itano
Reis e Sousa, 2000). This timing was scripted into the et al., 2003). Ten unscripted interactions totaling 30 min
Movie and is depicted as the resident DC turning pink of contact occurred by 10 hr, the empirically determined
to indicate the production of peptide-MHC II complexes, time of maximal IL-2 production (Itano et al., 2003).
starting about an hour after a DC contacts a conduit Therefore, Movie 2 predicts that TCR signaling times of
fiber. The fact that only six DC of the possible 100 in relatively short duration are required for naive CD4
the simulated lymph node slice produce peptide-MHC T cells to express CD69 and produce IL-2.
II complexes after injection of 1g of antigen was based By 18 hr after subcutaneous injection, immunohistol-
on the experimental finding that 44% of the resident DC ogy has shown that DC, which acquired antigen in the
were detected with a peptide-MHC II-specific antibody injection site, appear in the lymph node, displaying much
after subcutaneous injection of 8 g of a soluble antigen larger amounts of peptide-MHC II complexes (Itano et
(Itano et al., 2003). Assuming a linear relationship be- al., 2003) than the resident DC. It probably takes the
tween the number of peptide-MHC II complexes gener- injection site-derived DC 18 hr to arrive in the lymph
ated and the amount of antigen injected, then about 6% node because they must first detach from their tissue
of the DC would display peptide-MHC II complexes after moorings and migrate into and down the length of a
injection of 1 g. These values depend on the assump- lymphatic vessel and then through the subcapsular si-
tion that the antibody is capable of detecting approxi- nus into the T cell area. The behavior of tissue-derived
DC has been imaged with static and dynamic methodsmately the number of peptide-MHC II complexes that
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by tracking DC that take up dyes at a subcutaneous production after summing the effects of multiple sepa-
injection site (Miller et al., 2004) or by simply injecting rate TCR signaling events.
ex vivo dye-labeled antigen-pulsed DC (Bousso and The daughter T cells produced from the initial mitotic
Robey, 2003; Ingulli et al., 1997; Mempel et al., 2004; event in Movie 2 were designed to move away from
Stoll et al., 2002). Several of these studies showed that each other and pursue random paths in the T cell area
antigen-specific T cells engage in stable but dynamic and outer edges of the follicles. Each time a daughter
interactions with postmigration peptide-MHC II DC at cell collided with a resident DC displaying a low number
this time that last for several hours (Bousso and Robey, of peptide-MHC II complexes, it was scripted to interact
2003; Mempel et al., 2004; Stoll et al., 2002). for 3 min and experience a transient TCR signal (orange
To account for these observations, Movie 2 was de- flash), whereas each collision with the postmigration DC
signed to include an injection site-derived DC that enters displaying a high number of complexes was scripted to
the lymph node 18 hr after antigen injection from just produce a 120 min interaction and a sustained TCR
beneath the subcapsular sinus and is scripted to move signal. This distinction in interaction time based on DC
randomly in the T cell area, although it could be implied type and peptide-MHC II complex level is speculative
from one recent study that these cells may move mainly at this point and is proposed solely based on the experi-
in the outer edge of the T cell area near HEV (Bajenoff mental observation that slow moving clustered T cells,
et al., 2003). This cell is depicted with a very red color which we speculate are clustered on an injection site-
to indicate display of a larger number of surface peptide- derived DC, coexist at this time with rapidly moving,
MHC II complexes than the resident DC. Only one injec- nonclustered T cells, which we speculate are transiently
tion site-derived DC is included in the Movie because bumping into resident DC (Miller et al., 2002). Although
experimental data showed that these cells are outnum- in vitro experiments showed that several hours of expo-
bered by peptide-MHC II resident DC (Itano et al., sure to antigen is sufficient for subsequent T cell division
2003). Collisions between X antigen-specific CD4 (Lee et al., 2002), several studies showed that continued
T cells and the injection site-derived DC were not exposure to antigen augmented and sustained cell divi-
scripted, but if they occurred they were designed to sion (Bajenoff et al., 2002; Gett et al., 2003; Schrum and
last for 2 hr, reflecting data from imaging experiments Turka, 2002). Therefore, the subsequent interactions be-
(Mempel et al., 2004). The stability of this interaction tween the daughter cells of the first division and peptide-
compared to the transience of the initial interactions MHC IIDC that occur naturally during the Movie would
with resident DC may be related to the fact that inject be expected to promote the additional T cell divisions
site-derived DC display many more peptide-MHC II that occur at 8 hr intervals, as described in experiments
complexes than resident DC (Itano et al., 2003). The (Homann et al., 2001), until the end of the 50 hr simula-
Movie shows the antigen-specific CD4 T cell undergo- tion. Experimental data indicate that antigen-specific
ing continuous TCR signaling as indicated by the orange CD4 T cells still proliferate normally after antigen is
flashes, while interacting stably with the injection site- injected under conditions where resident DC are capa-
derived DC. ble of peptide-MHC II presentation but injection site-
Cell tracking experiments have shown that naive anti- derived DC are not (Itano et al., 2003). Therefore, if pep-
gen-specific CD4 T cells begin to divide about 30 hr tide-MHC II ligand presentation to daughters of the first
after subcutaneous injection of antigen (Gudmundsdot- cell division plays a role in subsequent divisions, then
tir et al., 1999). Therefore, the X peptide-MHC II-specific resident DC can fulfill this role. Evidence suggests that
CD4 T cells in Movie 2 was scripted to undergo mitosis the role of the injection site-derived DC in this system
beginning at 27 hr, a process that takes about an hour is to facilitate the generation of CD4 T cells that are
in the simulation but may take some cells up to 5 hr capable of causing a delayed-type hypersensitivity re-
in vivo (Stoll et al., 2002). Before it divided, the antigen- action (Itano et al., 2003). Thus, the long-lasting interac-
specific CD4 T cell in the Movie engaged in 24 3 min
tions with injection site-derived DC, although dispens-
interactions with the six resident DC between 4 and 22
able for cell division, may be necessary for optimal
hr, one 120 min interaction with the injection site-derived
CD4 T cell differentiation, perhaps by increasing T cellDC between 22 and 24 hr, and then two more 3 min
“fitness” by prolonging the duration of TCR signalinginteractions with the resident DC. These interactions
(Gett et al., 2003).created a potential for 78 min of intermittent TCR signal-
Movie 2 was designed such that the resident and injec-ing in response to resident DC displaying low amounts
tion site-derived DC continue to display low and highof peptide-MHC II complexes and 120 min with the injec-
numbers of peptide-MHC II complexes, respectively,tion site-derived DC displaying large amounts of pep-
throughout the 50 hr simulation period. This feature wastide-MHC II complexes. Several pieces of experimental
included based on the experimental findings that DCevidence suggest that this amount of TCR signaling time
have a half-life of 3–7 days (Kamath et al., 2002) andwould be sufficient for the T cell to commit to cell cycle
cognate interactions between CD154 antigen-specificentry. First, 2 hr of in vitro exposure to APC and antigen
CD4 T cells increases the stability of their peptide-is sufficient to cause naive CD4 T cells to undergo
MHC II complexes (Miga et al., 2001).subsequent cell division in the absence of additional
antigen (Lee et al., 2002). Second, Gunzer et al. (2000)
Interactions between Antigen-Specificreported that naive antigen-specific CD4 T cells prolif-
CD4 T Cells and B Cellserated after undergoing 10–20 transient 7 min interac-
B cells must present peptide-MHC II ligands to helpertions with peptide-MHC IIDC in collagen gel matrices.
T cells to receive the CD40 and cytokine receptor signalsThese results are consistent with the report of Faroudi
et al. (2003) that CD4 T cells are capable of interferon- that are required for proliferation, antibody secretion,
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and memory cell formation (McHeyzer-Williams et al., collided with an X peptide-MHC II-specific CD4 T cell
2000). Lanzavecchia showed that the expression of an at 46.5 hr, and the first B cell collided with a second X
antigen-specific surface Ig receptor (BCR) gives a B cell peptide-MHC II-specific CD4 T cell at 48 hr. Because
an enormous advantage over non-antigen-specific B immunohistology experiments showed that a high per-
cells with respect to antigen uptake and presentation centage of antigen-specific B cells are juxtaposed to
(Lanzavecchia, 1985). It has also been shown that anti- antigen-specific CD4 T cells at the T-B border 24–48
gen-specific B cells acquire antigen while in the follicles hr after antigen injection (Garside et al., 1998), it was
of the secondary lymphoid organs (Reif et al., 2002). In assumed that the two cell types must dwell on each
addition, it has been shown that antigen binding to the other very stably during this time frame. Unfortunately,
BCR transduces signals that restrict the movement of such interactions have not yet been observed by dy-
the B cells to the outer edge of the follicles near the namic imaging methods and thus the their actual dura-
T cell area by 5 hr after exposure to antigen (Reif et al., tion is unknown. The X specific B cell and X peptide-
2002). This phenomenon, which is sometimes referred MHC II-specific CD4 T cells were scripted to adhere
to as follicular exclusion (Cyster et al., 1994; Fulcher to each other for 4 hr based on the speculative assump-
et al., 1996), is associated with BCR signal-mediated tions that antigen-specific B cells produce even more
changes in chemokine receptor (CR) expression. Naive peptide-MHC II ligands than the injection site-derived
follicular B cells express low amounts of CCR7, which DC and that interaction time with T cells is dependent
binds to chemokines produced by stromal cells in the on this parameter. The Movie shows the X specific B
T cell area, and high amount of CXCR5, which binds to cell flashing (white) to indicate the CD40 and cytokine
a chemokine produced in the follicles (Ansel et al., 2000). receptor signals that it receives from the interacting X
This expression pattern directs naive B cells to the folli- peptide-MHC II-specific CD4 T cell, which flashes (or-
cles. After BCR signaling, B cells increase expression ange) as it receives TCR signals from the B cell.
of CCR7 and reduce expression of CXCR5, resulting in It was remarkable to find that both X specific B cells
movement toward the T cell area (Reif et al., 2002). The underwent unscripted interactions with an X peptide-
precise balance of CCR7 and CXCR5 expression by the MHC II-specific CD4 T cell after antigen injection in
activated B cells and CCR7 and CXCR5 ligand produc- Movie 2, when such interactions were never observed
tion levels in the T and B cell areas is thought to restrict in the absence of antigen in a 50 hr version of Movie 1.
the movement of the B cells to the border between the The unscripted T-B cell interactions in Movie 2 arose
two areas (Reif et al., 2002). naturally when the random movements of the antigen-
These findings have been incorporated into Movie 2. stimulated B cells was restricted to the outer edge of
The two X specific B cells (yellow) were scripted to the follicles facing the T cell area, the random movement
acquire the X antigen while moving randomly in the folli- of the antigen-stimulated CD4 T cells was restricted
cle and rapidly produce a high number of X peptide- to the T cell area 90% of the time and 10% to the outer
MHC II complexes by 2 hr, indicated by red color, edge of the follicles, and the two cell types were immedi-
whereas the other B cells in the follicles were not. It is ately forced to adhere stably after collision. The two cell
not known how antigen-specific B cells acquire soluble types find each other in Movie 2 because the movements
antigen while in the follicles. The conduit network is of the antigen-stimulated B cells become restricted to
sparse in the follicles and tracer studies have failed a small area that is crossed randomly by the T cells,
to detect proteins leaking out of the conduits into the which become more numerous as time passes due to
follicles (Gretz et al., 1997). For the purpose of the simu- prior cell division. Therefore, although it was tempting
lation, it was assumed that very small amounts of soluble to invoke a mechanism whereby antigen-specific T and
antigen leak out of the conduits or through the floor of B cells find each other via directed chemotaxis, the
the subcapsular sinus and diffuse throughout the inner simulation shows that a random mechanism based on
space of the lymph node. It was further assumed that
the spatial restriction of the B cells to an area also pa-
the only cells in lymph nodes that are capable of taking
trolled by the T cells can produce the same effect as
up such small amounts of antigen are those B cells
long as the T cells proliferate first.that express an antigen-specific BCR. The fact that the
conduits only allow leakage of small amounts of antigen
Conclusionmay promote the specificity of the antibody response
The events shown in this simulation are only the begin-by ensuring that only antigen-specific B cells take up
ning of the primary immune response. After 50 hr, theantigen and receive signals from cognate helper T cells.
signals received from cognate interactions with CD4The X specific B cells were scripted to move toward the
T cells and the BCR cause the B cell to proliferate in theborder of the follicle near the T cell area by 5 hr and to
follicles and differentiate into antibody secreting plasmathen move randomly in this area thereafter, based on
cells that migrate into the medulla and then bone marrowthe kinetics of the follicular exclusion phenomenon (Reif
or become germinal center cells that remain in the folli-et al., 2002).
cles and give rise to memory B cells (McHeyzer-WilliamsImmunohistology experiments have shown that anti-
et al., 2000). The peptide-MHC II-specific CD4 T cellsgen-specific CD4 T cells and B cells form stable inter-
continue to proliferate for several days after 50 hr andactions at the T-B cell area border between 24 and 48
then most of the progeny die, leaving memory cells thathr after subcutaneous injection of antigen (Garside et
survive in lymphoid and nonlymphoid organs (Reinhardtal., 1998). Interestingly, an unscripted collision occurred
et al., 2001; Seder and Ahmed, 2003). Although the fac-in Movie 2 between one of the X specific B cells and
tors that determine which of the progeny will survive asone of the X peptide-MHC II-specific CD4 T cells 40
hr after antigen injection. The other X specific B cell memory cells are not known, the simulation raises an
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Gunzer, M., Schafer, A., Borgmann, S., Grabbe, S., Zanker, K.S.,interesting possibility. Of all the daughter cells produced
Brocker, E.B., Kampgen, E., and Friedl, P. (2000). Antigen presenta-by division of the original X peptide-MHC II-specific
tion in extracellular matrix: interactions of T cells with dendritic cellsCD4 T cell, only three managed to collide and form a
are dynamic, short lived, and sequential. Immunity 13, 323–332.
stable interaction with an X-specific B cell during the
Hayakawa, M., Kobayashi, M., and Hoshino, T. (1988). Direct contact
first 50 hr of the response. Thus, although B cell antigen between reticular fibers and migratory cells in the paracortex of
presentation is probably not necessary for the initial mouse lymph nodes: a morphological and quantitative study. Arch.
expansion of CD4 T cells, the simulation supports the Histol. Cytol. 51, 233–240.
suggestion of Linton et al. (2000) that it may be neces- Homann, D., Teyton, L., and Oldstone, M.B. (2001). Differential regu-
sary for the generation of memory CD4 T cells. lation of antiviral T-cell immunity results in stable CD8but declining
CD4 T-cell memory. Nat. Med. 7, 913–919.
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